The roles of the classical and alternative pathways of complement activation and of antibody in the phagocytosis of Legionella micdadei by polymorphonuclear leukocytes were studied. Normal serum was treated with the appropriate chelators or with heat to inactivate the classical, alternate, or both pathways of complement activation. Normal and complement-depleted sera with or without antibody were employed as opsonins for L. micdadei in phagocytosis assays. There was no difference in the phagocytosis of L. micdadei promoted by normal serum and either C4-deficient serum or serum in which the classical pathway had been inactivated. Both normal and classical pathway-deficient sera promoted significantly greater phagocytosis than did sera in which the alternate pathway or both the alternate and classical pathways had been inactivated. Thus, polymorphonuclear leukocyte phagocytosis of L. micdadei in the absence of antibody required an intact alternate pathway. Specific antibody partially restored opsonization to sera deficient in the alternate or both complement pathways, but phagocytosis was still significantly less than that with the alternate pathway intact.
The legionellae are facultative, intracellular bacteria which are ingested by professional phagocytes, including polymorphonuclear leukocytes (PMN), but undergo little or no killing after phagocytosis. However, the opsonic requirements of Legionella pneumophila and L. micdadei for ingestion by PMN may be different. Horwitz and Silverstein (11) found that the phagocytosis of L. pneumophila by PMN required the presence of both specific antibody and complement. C3 was fixed to the surface of L. pneumophila only when anti-L. pneumophila antibody was present but not in the presence of specific antibody-free normal human serum (NHS). The failure of PMN to kill L. pneumophila in the absence of antibody and complement appeared to be due to the inability of PMN to phagocytize the bacteria, rather than the failure of PMN to kill ingested bacteria. However, even when phagocytosis was promoted by opsonization with antibody and complement, PMN killed only 0.5 log (70%) of an L. pneumophila inoculum over 2 h (11) .
In contrast to L. pneumophila, we found that phagocytosis of virulent L. micdadei by PMN took place in the presence of antibody-free NHS but was abolished by heat treatment of the serum to destroy complement (20) . Furthermore, L. micdadei fixed C3 to its surface in the absence of specific antibody. After the ingestion of L. micdadei opsonized with complement, no killing occurred. The present study was undertaken to further evaluate the role of the alternate and the classical pathways of complement activation and their interaction with specific antibody in the phagocytosis of L. micdadei by PMN.
MATERIALS AND METHODS Bacteria. L. micdadei EK (ATCC 33204) was inoculated into 6-day-old embryonated hen eggs as previously described (15) . Yolk sacs from embryos which died 4 or more days after inoculation were harvested, pooled, and stored in samples at -70°C. One milliliter of egg yolk contained ca. 2 x 109 bacterial particles by direct counting in a Petroff-Hauser chamber and 106 CFU when plated on buffered charcoal-* Corresponding author. yeast extract (BCYE) agar (16) . For each experiment a sample was thawed, diluted to a volume of 10 ml in egg yolk buffer (10) with 1% bovine serum albumin, and centrifuged at 1,800 x g for 20 min at 4°C. The sedimented bacteria were suspended in 1.0 ml of phosphate-buffered saline (PBS). L. micdadei passaged once on agar were prepared by plating egg-passaged L. micdadei on BCYE agar. After 72 to 96 h of incubation, the colonies were harvested and suspended in PBS to an optical density of ca. 0.12 at 550 nm, equivalent to ca. 5 x 108 bacteria per ml and 107 CFU/ml. Bacteria passed once on BCYE agar were virulent as determined by lethality for guinea pigs after intratracheal inoculation.
PMN isolation. Heparinized (10 U/ml) blood was layered over a Ficoll-sodium diatrizoate (Sigma Chemical Co., St. Louis, Mo.) gradient (1), followed by sedimentation of the leukocyte-rich portion through dextran (3) (Sigma). The remaining erythrocytes were lysed with 0.22% saline (3) (19) .
Serum treatments. Serum was heated to 50°C for 30 min to inactivate properdin factor B and thus inactivate the alternate pathway of complement activation (17) . Serum was heated to 56°C for 30 min to inactivate both the alternate and the classical pathways (4). A complement source was provided as 0.1 ml of NHS, 50 or 56°C heat-inactivated NHS with 0.8 ml of GVB2 , or NHS chelated by 0.8 ml of MgEGTA-GVB or EDTA-GVB. Serum chelation was accomplished by rotation for 10 min at 37°C in polypropylene tubes (Falcon Plastics, Becton-Dickinson Labware, Oxnard, Calif.) on a rotating rack. MgEGTA chelates Ca2' and inactivates the classical pathway (5), and EDTA chelates both Ca2+ and Mg2' and inactivates both the classical and alternate complement pathways (4). A specific antibody source was simultaneously added as 0.1 ml of 56°C heatinactivated antiserum or, as a control, 56°C heat-inactivated NHS. GPS was similarly used in separate experiments.
Opsonophagocytic assay. When chelated sera were employed as opsonins, preopsonization followed by washing was done to avoid toxicity to the leukocytes. Two-tenths milliliter of egg-passaged (ca. 4 x 108 bacteria) or agarpassed (108 bacteria) L. micdadei in PBS was added to the chelation mixture, and the tubes were incubated for 20 min at 37°C on a rotator. The opsonized bacteria were then washed twice in PBS and suspended in 0.5 ml of HBSS before being added to 5 x 106 PMN in 1.0 ml of HBSS. For experiments in which chelated sera were not employed, 4 x 10 egg-passed L. micdadei in 0.2 ml of PBS and 1.0 ml of HBSS containing 5 x 106 PMN were added directly to the reaction tube containing the complement source and immune or nonimmune serum.
After 30 min of incubation, the nonadherent bacteria and some egg yolk debris were separated from the PMN by centrifugation of the tubes at 150 x g for 5 min. The sedimented PMN were suspended in 0.4 ml of HBSS, and 0.05 ml of this suspension was placed on a microscope slide. Adherence of the PMN to the slide was promoted by placing the slides in a humidified petri dish for 20 min at 37°C. The remaining egg yolk debris and most of the nonadherent L. micdadei were gently washed off with PBS, and the slides were air dried, fixed with methanol, and stained with 25 RI of fluorescein isothiocyanate-labeled rabbit anti-L. micdadei globulin (Centers for Disease Control, Atlanta, Ga.) in a humidified petri dish for 20 min at 37°C. The slides were then washed for 10 min in PBS and rinsed with water. The bacilli were visualized with a fluorescent microscope. The phagocytic index was defined as the percentage of 200 PMN with one or more cell-associated bacilli. There is evidence from previous electron microscopic studies (20) Fig. 1 . Serum heat inactivated at either temperature was significantly (P < 0.01) poorer than NHS in promoting the phagocytosis of L. micdadei. Thus, the alternate complement pathway appeared to be necessary for optimal phagocytosis of L. micdadei by PMN. Serum inactivated at 50°C served somewhat better as an opsonin than did serum inactivated at 56°C (P < 0.05).
The phagocytic indices obtained with preopsonized and washed bacteria were lower (Fig. 2) than those observed when the opsonins remained in the reaction tube during phagocytosis (Fig. 1) Fig. 1 for abbreviations was seen when these opsonins remained in the reaction tubes. With preopsonization, the difference between serum inactivated at 56 and 50°C did not quite reach statistical significance (P > 0.05). When the bacteria were preopsonized with EDTA-treated serum, phagocytosis was likewise markedly impaired. Serum that was chelated with MgEGTA, however, promoted phagocytosis to the same degree as did NHS and was clearly a better opsonin than 56°C heat-inactivated serum (P < 0.001), EDTA-treated serum (P < 0.001), and 50°C heatinactivated serum (P < 0.01). These results indicated that complement activation by the alternative pathway was sufficient to account for the opsonization of L. micdadei by normal serum.
To exclude the possibility that egg yolk components affected these results, the experiments were repeated with L. micdadei that had been passed once on BCYE agar. The results obtained with agar-passaged organisms (Fig. 3) were virtually identical to those with egg-passaged bacteria (Fig.  2) . The phagocytic indices for bacteria opsonized with NHS and MgEGTA-treated serum were not significantly different and were clearly higher than those obtained with NHS inactivated at 56 and 50°C and EDTA-treated serum.
To confirm the role of the alternate pathway in complement activation, C4-deficient GPS was employed. Preliminary experiments showed that preopsonization with normal GPS promoted the phagocytosis of L. micdadei by human PMN as well as NHS. The same effects on the phagocytic index were found with the various treatments of GPS as had been obtained with NHS (Fig. 4) Fig. 1 for abbreviations) GPS. This again demonstrated that the classical pathway was not important in the opsonization of L. micdadei.
Specific antibody. The opsonic role of antibody alone and in addition to complement was next evaluated. High-titered anti-L. micdadei serum had no effect on promoting phagocytosis of L. micdadei preopsonized by either NHS or MgEGTA-treated serum (Fig. 2) . However, a small increase in the phagocytic indices could be demonstrated when the bacteria were preopsonized with antibody in addition to serum inactivated at either 56 or 50°C (P < 0.05) or to serum chelated with EDTA (P > 0.05). Therefore, with preopsonized bacteria, when the alternative pathway or both the alternative and the classical pathways of complement activation were blocked, specific antibody may have promoted a minor amount of phagocytosis. This effect of antibody was more pronounced when the opsonins were added with the bacteria to the reaction tubes. Under these conditions, greater phagocytosis was promoted when specific antibody was added to 56°C (P < 0.01) and 50°C (P < 0.05) heatinactivated serum (Fig. 1) . DISCUSSION These experiments demonstrated that the alternative pathway of complement activation is primarily responsible for the opsonization of virulent L. micdadei passaged through eggs or once on agar. When the classical pathway was inhibited with MgEGTA-treated serum or blocked with C4-deficient GPS, the phagocytosis of L. micdadei was unaffected. Serum that was heat-inactivated at 50°C to inactivate C3 proactivator of the alternative pathway produced a significant reduction in the phagocytosis of L. micdadei by PMN. Although 50°C heat-inactivated serum was a somewhat better opsonic source than 56°C inactivated serum, this may have been due to incomplete inactivation of the alternative pathway by 50°C heat inactivation (17) .
The addition of specific antibody did not improve the uptake promoted by NHS or MgEGTA-treated serum, suggesting that when the alternative pathway was intact, heat-inactivated serum, antibody did improve phagocytosis but did not restore it to the level obtained when NHS or MgEGTA-treated serum was employed as the opsonic source. The use of NHS with an indirect fluorescent antibody titer of <1:16 to L. micdadei does not exclude the possibility that a low level of antibody was present in NHS, but its opsonic contribution was minor compared with that of immune serum. Therefore, unlike what Horwitz and Silverstein (11) found for L. pneumophila, serogroup 1, L. micdadei does not require specific antibody for opsonization, nor does antibody promote opsonization over the effect of complement alone. In a single experiment, we confirmed in our opsonophagocytic assay the findings that Horwitz and Silverstein (11) obtained with the Philadelphia 1 strain of L. pneumophila by a slightly different protocol. When eggpassed L. pneumophila strains were preopsonized with NHS and L. pneumophila antibody, the phagocytic index was 62% compared with 20% after opsonization with NHS alone. However, the phagocytic index of L. pneumophila preopsonized with antibody was less than 6% when the classical complement pathway was inactivated by treatment with MgEGTA, EDTA, or 56°C heat-inactivation.
In a preliminary report, it was likewise determined that L. pneumophila, serogroup 1, required specific antibody as an opsonin but that complement was not required in addition to antibody for ingestion by PMN (J. E. Schweinle, J. C. Guckian, and D. P. Fine, Clin. Res. 28:379A, 1980). Since the strain of L. pneumophila, serogroup 1, utilized in these studies was not specified, the results are not necessarily in conflict with the observation that both antibody and components of the classical complement pathway are required for optimal phagocytosis of the Philadelphia 1 strain. Schweinle et al. also found that single strains of L. pneumophila, serogroups 2 and 4, required complement and a heat-stable serum factor that was absorbed out with the homologous organism and that a serogroup 3 strain required no opsonins for ingestion by PMN. The varying opsonic requirements for the different serogroups of L. pneumophila and L. micdadei might explain, in part at least, their relative prevalence as a cause of pneumonia. Presumably, the PMN of a nonimmune host would be unable to ingest and contain an inoculum of L. pneumophila, serogroup 1, for which specific antibody is required for efficient opsonization. More bacteria would be available to be phagocytized by host mononuclear phagocytes in which the legionellae undergo unrestricted growth, and this amplification in the bacterial number may be a necessary precedent to clinical disease (2) . A comparable inoculum of L. micdadei, L. pneumophila serogroups which are phagocytized well in the presence of complement alone, or L. pneumophila serogroups which require no opsonins for phagocytosis could be ingested by PMN, even in the nonimmune host, making the ultimate development of disease less likely.
It is not surprising to find that the various species and serogroups of the Legionellaceae, or even strains of the same serogroup, have different opsonic requirements. Closely related bacteria can vary in their opsonic requirements. For example, the participation of the alternative and classical pathways of complement activation and specific antibody in the phagocytosis and killing of enteric gramnegative bacilli is quite variable. The heterogeneity in requirements for immunoglobulin and the alternate or classical pathways have been described (13) . Furthermore, bacterial strains of the same species may have different qualitative or quantitative differences in opsonic requirements, and the opsonic requirements may vary with the availability of opsonins (8) . For many gram-negative bacilli where, as with L. micdadei, opsonization is primarily mediated by the alternative pathway, the polysaccharide portion of the endotoxin is probably responsible for the activation of the alternative pathway (14) . Although the legionellae possess ultrastructural features similar to those of the gram-negative enteric bacilli (7, 9) and have been shown to contain endotoxin-like activity (6, 12) , classical endotoxin has not been demonstrated either biologically or chemically.
Since it was difficult to distinguish individual bacteria in PMN which contained multiple organisms, the precise number of bacteria which were phagocytized in these experiments could not be determined. However, in the presence of normal serum in which phagocytosis was optimal, it was estimated that only about 7 and 14% of the total inoculum of egg-and agar-passed bacteria, respectively, were phagocytized. Thus, the possibility that the results apply to a unique subpopulation of the bacteria in the inocula cannot be excluded.
We have previously shown that L. micdadei passed once or twice on agar was not killed after phagocytosis by PMN promoted by opsonization with complement (20) . We have since found that opsonization of egg-passed L. micdadei with antibody in addition to complement before phagocytosis also did not result in any killing of the bacteria by PMN. The latter finding contrasts with L. pneumophila, which undergoes modest killing by PMN in the presence of immune serum but not NHS (11) . These in vitro observations are in agreement with evidence that PMN are able to kill ingested L. pneumophila in vivo (2) . Whether the inability of PMN to kill phagocytized L. micdadei in these in vitro assays accurately reflects a lack of intraleukocytic killing in the infected host remains to be determined.
